One of the greatest concerns in Chagas' disease is the absence of reliable methods for the evaluation of chemotherapy efficacy in treated patients. The tests available to evaluate cure after the specific treatment are the complement-mediated lysis (CoML) and flow cytometry tests, but they are not feasible for routine clinical use. In this study, we evaluated an enzyme-linked immunosorbent assay (ELISA) based on the recombinant Trypanosoma cruzi complement regulatory protein (rCRP) as a method to determine parasite clearance in comparison to the CoML and other methods such as conventional serology, hemoculture, and PCR in serum samples of 31 patients collected before and after the treatment, monitored for an average of 27.7 months after chemotherapy. The results showed that the percentage of patient samples that were positive by rCRP ELISA was reduced from 100 to 70.3, 62.5, 71.4, and 33.4% in the first, second, third, and fourth years after treatment, respectively, while the samples positive by CoML were reduced to 85.2, 81.2, 71.4, and 33.4% during the same period, demonstrating the same significant tendency in the reduction of positive samples. On the other hand, the conventional serology (CS) tests did not present this reduction. The percentage of samples positive by PCR was initially 77.4% and decreased to 55.5, 68.7, 47.7, and 50.0% at the fourth year after treatment, confirming the drastic clearance of circulating parasites after treatment. Our results strongly suggest that the rCRP ELISA was capable of detecting the early therapeutic efficacy in treated patients and confirmed its superiority over the CS tests and parasitologic methods.
Chagas' disease remains a major public health concern in regions of Latin America, where approximately 15 million people are infected (50) . Following a brief acute phase, the infection can progress to a lifelong chronic phase in which the paucity of bloodstream parasites makes their direct detection difficult. Diagnosis of Chagas' disease generally occurs during the chronic phase by conventional serology (CS), e.g., indirect immunofluorescence, indirect hemagglutination, and enzymelinked immunosorbent assay (ELISA). Detection of parasites in the blood during the chronic phase is difficult and generally accomplished by indirect methods such as xenodiagnosis and hemoculture (8, 12, 14, 15, 42) . Although the sensitivity of these methods has been improved recently (10, 13, 20, 21, 25) , they are laborious and involve the culture of live infectious parasites, besides being slow and time-consuming, thus limiting their usefulness.
Treatment of Chagas' disease patients with nitroimidazolederivative drugs can prevent the pathological outcomes of chronic disease, and treatment has been associated with cure in some cases. Treatment of all acute-phase patients is therefore indicated; however, its efficacy in chronic-phase patients remains controversial (11) . Nevertheless, treatment of patients in the early chronic phase, before the development of overt clinical symptoms, has been advocated. Evaluation of the efficacy of these and other drugs, particularly during the chronic phase, is hampered by the difficulty in determining parasite levels in the blood after treatment. In addition, long-term follow-up studies of some treated patients have demonstrated that CS tests may remain positive for several years despite repeated negative direct parasite detection tests, such as hemoculture or xenodiagnosis (18, 21) . An alternative to CS testing as an assessment of parasite clearance has been proposed by Krettli and Brener (30) , who demonstrated that antibody-dependent, complement-mediated lysis (CoML) is a more reliable indicator of parasitological cure. In extensive long-term patient studies, it was observed that sera from patients with positive hemocultures supported CoML of trypomastigotes, whereas sera from patients with repeated negative hemocultures had diminished or no lytic capacity (21) . The presence of lytic antibodies has therefore been proposed as an indicator of an active ongoing infection and treatment failure (21, 28) . This test also requires the use of live, infectious trypomastigotes and is thus not practical for routine use in the evaluation of chemotherapeutic agents or in the clinical management of chagasic patients (27) .
One target of lytic antibodies is a 160-kDa glycoprotein present on the surface of trypomastigotes (34, 37) . The 160-kDa protein functions to restrict alternative and classical complement activation and lysis of the parasites (37) . The T. cruzi complement regulatory protein (CRP) binds to the complement components C3b and C4b, thus inhibiting assembly of the C3 convertase, the central enzyme in the complement cascade. Antibodies raised to the purified CRP were shown to lyse trypomastigotes in CoML assays, presumably by neutralizing its complement regulatory activity and allowing full complement activation (36) . Immunoreactivity of chagasic patient sera with the CRP correlated with the results of the CoML test and was therefore proposed as a specific indicator of parasite clearance and drug efficacy (40) . In these studies, the CRP was purified in low yield from infectious trypomastigotes, thus limiting the feasibility of routine use. The T. cruzi CRP has been cloned, and the recombinant protein has been purified from expression systems (4, 39) . We have recently developed and characterized a highly specific and sensitive ELISA-based test for the diagnosis of Chagas' disease using the T. cruzi CRP recombinant form (rCRP) (35) . Because of the critical need for rapid tests to be used in monitoring cure of chagasic patients after specific treatment, we compared the efficacy of the rCRP ELISA with CoML, CS, PCR, and hemoculture methods in the present study.
Hemoculture. The technique was carried out on patient samples as described previously (13) . Briefly, 30 ml of venous blood was collected in heparinized tubes and red cells were recovered from the plasma by centrifugation at 300 ϫ g for 10 min at 4°C. The plasma supernatant was centrifuged at 900 ϫ g at 4°C for 20 min, and 3 ml of liver infusion tryptose (LIT) medium (9) was added to the pellet. The packed red blood cells were washed once and resuspended in 6 ml of LIT, mixed, and distributed into six plastic tubes (Falcon), each containing 3 ml of LIT. All tubes were maintained at 27 to 28°C, mixed gently twice weekly, and examined monthly for up to 120 days. Ten microliters of each preparation was examined microscopically under 22-mm 2 coverslips at a magnification of ϫ150. Preparation of DNA for PCR. DNA was prepared from 10 ml of blood taken at the time of hemoculture preparation as described before (2, 3) . The samples were stored for 5 days at room temperature, boiled at 100°C for 15 min, and stored at 4°C, when a 200-l aliquot of blood was collected from each sample and DNA extraction was performed (7, 22) .
PCR conditions. PCR amplification was performed with primers 121 [5Ј-AA ATAATGTACGG(T/G)GAGATGCATGA-3Ј] and 122 (5Ј-GGTTCGATTG GGGTTGGTGTAATATA-3Ј), described by Degrave et al. (17) and synthesized by Operon Technologies, Inc.; these primers amplify a 330-bp fragment of the variable region of the T. cruzi kinetoplast DNA minicircle. The reaction was performed as described before (22), and the PCR products were visualized by 6% polyacrylamide gel electrophoresis after silver staining (41) . All DNA extraction steps and reaction mixtures used for PCR were monitored and compared with positive and negative controls. To avoid contamination the reaction steps were performed in separate environments, using equipment and reagents destined exclusively to each stage. To test whether inhibition of the reaction was occurring, DNA from tissue culture-derived T. cruzi was obtained and used as a positive control. The size of the PCR products was monitored using a 100-bpladder molecular size marker (Promega Corp.).
Slot blot hybridization. To confirm the specificity of the amplified product and increase the sensitivity of the protocol, PCR samples were subjected to the acid nucleic hybridization as described (45) . When PCR alone is employed, 10 fg of parasite DNA was detected in polyacrylamide gel, whereas the limit of detection by hybridization was 0.1 fg (22) .
Data analysis. The positive percentage for each reaction and in each period of time was obtained from a contingency table 2ϫC, in which the data were classified as positive and negative and in five groups according to the period of time. The differences among the positive percentages, observed in the different periods of time for each reaction, were tested using the chi-square test as described by Snedecor and Cochran (43) . To evaluate the positive percentage variation obtained for each reaction in the different periods of time after treatment, the data were converted using the arcsin-square root method and tested using the Pearson correlation coefficient and linear regression (43) . The differences among the arcsin-square root tendencies of the positive reaction percentages obtained for each method were tested using covariance analysis (43) . For every analysis we used the significance level of 0.05.
RESULTS
We compared the rCRP ELISA and other methods such as CoML, CS, PCR, and hemoculture to evaluate therapeutic efficacy for 31 treated chagasic patients. The average time after treatment was 27.7 months, and the patients were separated in five groups for test comparisons: before treatment (n ϭ 31), until 12 months or first year (n ϭ 27), between 13 and 24 months or second year (n ϭ 16), from 25 to 36 months or third year (n ϭ 21), and more than 37 months or fourth year (n ϭ 6) after the treatment. The analysis was made by the comparison among the results obtained in the same methods by different periods of treatment.
The rCRP ELISA-positive percentage results reduced to 70.3, 62.5, 71.4, and 33.4% of the serum samples from the first, second, third, and fourth groups, respectively ( Table 1 ). The comparison between the results produced by rCRP ELISA and CoML test using the patients' sera after adsorption showed that the recombinant ELISA presented a higher ability to detect the early therapeutic success or failure from 6 to 12 months after treatment. These results also showed the importance of the serum adsorption to reduce false-positive results due to the reaction against nonspecific anti-Gal antibodies. Furthermore, the results demonstrate that the rCRP ELISA and CoML were in agreement, particularly in the later time points after treatment.
A significant reduction was observed in the positive hemoculture results from the first year after treatment. This test was positive in 51.6% of the patients before treatment, and this value decreased to 3.8, 6.2, 9.6, and 0.0% in the 4 years following treatment, respectively (Table 1) . On the other hand the PCR followed by hybridization presented higher positive percentages, since this was positive in 77.4% of the patients before treatment and became negative in 45.5, 31.3, 52.3, and 50.0% of them in the four following years after treatment, but a significant difference among these percentages was not observed (Table 1) . As expected, the results obtained by the CS tests did not show any reduction in the percentage of positive samples after the specific treatment. With the purpose to examine whether the linear regressions of arcsin-square root of positive percentage on years after treatment are the same in rCRP ELISA and other tests, we used the analysis of covariance, assuming homogeneity of residual variances (P ϭ 0.170), and the results are shown in Fig. 1 . No significant difference (P ϭ 0.693) was observed compared to the regression coefficients obtained by hemoculture (␤ ϭ Ϫ8.5), CS (␤ ϭ Ϫ6.1), PCR (␤ ϭ Ϫ3.8), and CoML (␤ ϭ Ϫ5.4). The comparison among the regression coefficients obtained by CoML before (␤ ϭ Ϫ5.4) and after (␤ ϭ Ϫ11.9) the adsorption of sera demonstrated a significantly higher tendency toward positive percentage reduction when the test was performed with adsorbed samples (P ϭ 0.041). No significant difference (P ϭ 0.759) was shown among the regression coefficients between CoML using adsorbed sera (␤ ϭ Ϫ11.9) and rCRP ELISA (␤ ϭ Ϫ10.9).
DISCUSSION
In Chagas' disease, the evaluation of clinical and parasitologic cure has been the subject of much study and controversy, and the lack of a definitive method for evaluation of parasite control or clearance has impaired the development of improved treatments, particularly for the chronic phase (16) . The CS tests, which are very important for the diagnosis of the chronic infection with T. cruzi, have limitations mainly when used as a criterion of therapeutic cure (26) . This was verified in a follow-up study of 100 patients subjected to specific treatment; the cure level was only 8% if the negative CS was used as a criterion. However, 60% of these patients had repeatedly negative results by xenodiagnosis (18) . In another 10-year follow-up study of 82 treated patients, only 9% of the patients could be considered cured on the basis of the negative CS results, but this value increased to 34% when the CoML results were considered. These patients, described as dissociated, were considered cured, and their hemoculture tests were repeatedly negative (21) .
In the present study, we evaluated the use of an ELISA using the recombinant T. cruzi CRP protein to detect therapeutic efficacy in chronic chagasic patients after treatment. The CRP is a trypomastigote-specific protein that was found to be a principal effector molecule restricting complement-mediated lysis of the parasites, and it also elicits the production of lytic antibodies in humans (37, 38, 40) . The lytic capacity of the anti-CRP antibodies is believed to be due to the neutralization of the CRP complement-inhibitory activity (36) . The fulllength cDNA encoding the T. cruzi CRP was previously isolated (39) and was stably transfected in mammalian cells, allowing its large-scale production and purification (4) . The isolation of the T. cruzi CRP recombinant form was followed by its evaluation in an ELISA for the diagnosis of chronic chagasic patients. These results demonstrated the high sensitivity of the rCRP ELISA for diagnosis (100%) compared with the CS, CoML, and PCR tests, which are also highly sensitive (35) .
As the T. cruzi CRP is a target of complement lytic antibodies and the CoML test has been shown to be the one of the best evaluation methods of an ongoing infection, we sought to determine whether the rCRP ELISA could effectively replace the CoML test and other diagnostic tests to monitor the therapeutic efficacy in treated chagasic patients. For this evaluation we used a group of 31 patients which were treated with benznidazole according to the guidelines of the Chagas' disease division of the Brazilian Health Ministry (19) . We found that the percentage of positive blood samples in the rCRP ELISA declined in the years following treatment, showing a significant reduction from the first year after treatment (70.3%). The reduction of the percentage of positive samples was also observed in CoML test mainly by the third year posttreatment, when both methods showed comparable levels of positive percentages. Although there was some difference observed in the first 2 years, the comparison of linear regression of the positive percentage by year showed the absence of significant difference, confirming the high identity between results of these two methods. The comparison of the CoML results from sera before and after adsorption were used showed the necessity of the adsorption procedure to remove most of the nonspecific antibodies and consequently reduce the occurrence of false-positive results. This analysis confirmed a significant difference among their positive percentage reduction tendencies, as well if it were compared with the rCRP ELISA data. The reduction in was not considered significant due to the low number of patients of this group (n ϭ 6). However, an individual follow-up evaluation of the patients demonstrated that once the patients' rCRP ELISA tests became negative, this result remain unaltered for the subsequent samples. Negative serum conversion occurred in 37 of 58 treated children, compared to 3 negative children among the 54 in the placebo group using ELISA with a highly specific carbohydrate-rich trypomastigote antigen (1) .
In an examination of sera from children in the acute phase and in early chronic phase following treatment, other investigators reported similar declines in antibody recognition after several years of follow-up (1, 33, 44) . Considering the high sensitivity and specificity of the CoML test in detecting lytic antibodies and the absence of significant difference between the positive percentage reduction tendencies of this test and the rCRP ELISA in the posttherapeutic patient evaluation, we conclude that the rCRP ELISA is an efficient and specific indicator of parasite clearance and suggest its use as a cure criterion. This elevated correlation between these two tests corroborates the previous data obtained by Norris et al. (40) , which demonstrated the total concordance among the CoML test and the immunoprecipitation using the native T. cruzi CRP in nontreated, dissociated, and cured chronic chagasic patients.
The results obtained by the CS tests did not become negative in the first 2 years posttreatment, and in the following years, although some patient samples became negative, these results were neither statistically significant nor consistent. These results confirmed the persistence of the CS antibodies in the patients' sera for several years after treatment as previously shown (21, 24, 27, 28) . The hemoculture test presented a very high level of negative results from the first year after treatment, reaching 100% in the last year of follow-up. However, this reduction cannot be considered a reliable indicator of cure, since it has a relatively low sensitivity, especially in treated patients where the benznidazole action leads to a rapid destruction of T. cruzi bloodstream trypomastigotes forms and is not efficient in all patients (21, 24) . It may therefore produce false-negative results in cases of low-level parasitemia, yielding inconclusive results posttreatment.
PCR, considered to be a highly sensitive method to detect T. cruzi in blood of chronic chagasic patients (10, 22, 31, 35) , also resulted in a positive percentage reduction during the years posttreatment. Our results corroborate previous data that have suggested the PCR is an excellent technique for posttherapeutic evaluation of treated chagasic patients and also for monitoring T. cruzi persistence during the specific treatment (6, 23) . The PCR technique may be a rapid and safe indicator of the susceptibility of the parasite to the action of the drugs, allowing early modification of therapy in cases of resistance or reactivation of chagasic infection (32) . The data presented here show the superiority of the immunological tests over parasitological ones, particularly the high sensitivity of the rCRP ELISA. The differences of PCR sensitivity could be explained by the intermittent presence and quantity of circulating parasites at the time of blood collection as shown previously (10, 11) . Moreover, different populations of T. cruzi with high genetic variability are found in different regions of endemicity and may be related to biological variability as virulence or susceptibility to the immune response, influencing parasitemia levels in humans (5) . In studies carried out in different areas of endemicity of countries such as Bolivia and Brazil, where T. cruzi II stocks are frequent, PCR showed higher sensitivity than it did in areas of the Amazonian Basin, where only T. cruzi I stocks circulate (48, 49, 51) .
In conclusion, our results demonstrate that the rCRP ELISA test was superior to other established methods as a specific marker of therapeutic efficacy in treated chronic chagasic patients. In addition, the easy handling and development of the assay opened new perspectives for its use in routine clinical laboratories and blood banks, since its large-scale production would likely make this assay available at low cost.
